There is a medical need for an agent with the positive effects of estrogen on bone and the cardiovascular system, but without the negative effects on reproductive tissue. Raloxifene (LY139481 HCI) is a benzothiophene derivative that binds to the estrogen receptor and inhibits the effects of estrogen on the uterus. In an ovariectomized (OVX) rat model we investigated the effects of raloxifene on bone loss (induced by estrogen deficiency), serum lipids, and uterine tissue. After oral administration of raloxifene for 5 wk (0.1-10 mg/kg per d) to OVX rats, bone mineral density in the distal femur and proximal tibia was significantly greater than that observed in OVX controls (ED50 of 0.03-0.3 mg/kg). Serum cholesterol was lower in the raloxifene-treated animals, which had a minimal effective dose of 0.1 mg/kg and an approximate oral ED50 of 0.2 mg/kg. The effects of raloxifene on bone and serum cholesterol were comparable to those of a 0.1-mg/kg per d oral dose of ethynyl estradiol. Raloxifene diverged dramatically from estrogen in its lack of significant estrogenic effects on uterine tissue. Ethynyl estradiol produced a marked elevation in a number of uterine histologic parameters (e.g., epithelial cell height, stromal eosinophilia). These data suggest that raloxifene has promise as an agent with beneficial bone and cardiovascular effects in the absence of significant uterine effects. 
Introduction
Osteoporosis is a generalized loss of bone that results in an increased risk of fracture for 20-25 million people in the United States (1) . While one form of osteoporosis is associated with the aging process, a second form with a more rapid rate of bone loss occurs in many women after menopause (2) . Estrogen deficiency increases bone turnover, with bone resorption occurring more rapidly than formation, resulting in a net loss of bone mineral density, primarily in the trabecular compartment (2) . Postmenopausal women are also at a higher risk for coronary heart disease (3), which has been at least partially attributed to an increase in serum lipids (4) . Hormone Receivedfor publication 2 April 1993 and in revisedform 27 July 1993. ment is currently considered the optimal therapy, both to protect against bone loss and to reduce the risk of coronary heart disease in postmenopausal women (5) . However, there are a number of undesirable effects associated with chronic estrogen therapy that limit the number ofpatients willing to initiate this treatment and that create difficulties with compliance. These undesirable effects include: resumption of menses, mastodynia, weight gain, and a perceived increased risk for uterine and/or breast cancer (6, 7) . Thus, an ideal therapy would prevent the bone loss associated with estrogen deficiency and improve the serum lipid profile as estrogen does, without producing significant effects on reproductive tissues.
A number ofdrugs may offer some protection against postmenopausal bone loss. Calcitonin and the bisphosphonates are antiresorptive agents that attenuate the decline in bone mineral density in postmenopausal women, without noticeable effects on reproductive tissue (8, 9) . However, no beneficial cardiovascular effects have been attributed to these agents, and other potentially limiting side effects may be associated with calcitonin and bisphosphonates (10). Tamoxifen is an antiestrogen with partial agonist properties that maintains bone mass and lowers serum cholesterol concentrations in postmenopausal women (1 1, 12) . However, an estrogen-like uterotrophic type activity of tamoxifen has been documented both in women (1 3) and in animals (14) , thus limiting its use as a prophylactic treatment for postmenopausal osteoporosis.
We have identified an antiestrogen benzothiophene derivative that binds to the estrogen receptor (15) , raloxifene (LY139481 HCI; Fig. 1 ), as a compound that prevents bone loss and lowers serum cholesterol in ovariectomized (OVX)' rats after oral administration, without producing significant uterotrophic activity. The OVX rat is a widely used osteopenic animal model that mimics the development of estrogen deficiency-induced osteopenia in humans. Trabecular bone loss in the OVX rat can be discerned within 4-6 wk after ovariectomy (16) . Drugs known to protect against bone loss in postmenopausal women are also effective in the OVX rat, including: estrogen (17) , calcitonin (18) , bisphosphonates (19) , and tamoxifen (20) . The OVX rat is also a useful model to detect the hypolipidemic effects of estrogen or tamoxifen (21, 22) . In this report, the actions of raloxifene are compared with those of ethynyl estradiol on a battery of bone, serum, and uterine parameters in the OVX rat.
Methods
Animal protocol. Female, virus antibody-free, virgin, Sprague Dawley rats (225-250 g, 10-I wk old) were obtained from Charles River Labs.
(Portage, MI) and group housed on a 12-h light/dark cycle (lights on at 0600 h), with room temperature set at 220C. The animals were allowed to acclimate for 1 wk, with ad lib access to both food (TD89222 diet, 0.5% calcium and 0.4% phosphorus; Teklad, Madison, WI) and tap water. Rats were anesthetized using ketamine hydrochloride (120 mg/ kg) and xylazine hydrochloride (24 mg/kg) intramuscularly, and a bilateral ovariectomy was performed via a dorsal midline incision just caudal to the 13th rib. Upon recovery from anesthesia, animals were sorted into experimental groups (intact, OVX, OVX plus ethynyl estradiol, and OVX plus raloxifene, with five to six animals per group, per experiment) and compound administration was initiated. Raloxifene (0.01-10 mg/kg), ethynyl estradiol (0.1 mg/kg), or vehicle (1.5% carboxymethylcellulose) were given by daily oral gavage in a volume of 0.1 ml/ 100 g of body weight.
After 5 wk rats were weighed and killed by carbon dioxide asphyxiation. Uteri were removed, weighed, and fixed in 10% neutral buffered formalin. The left femur and tibia from each animal was removed and frozen for subsequent single photon or dual energy x-ray absorptiometry (DEXA Serum assays. Blood samples were allowed to clot at 4VC for 2 h and then centrifuged at 2,000 g for 10 min. Serum samples were aliquoted and stored at -70'C for subsequent analytical procedures. Serum cholesterol was determined using a high performance cholesterol colorimetric assay (Boehringer Mannheim Biochemicals, Indianapolis, IN) (23) . Serum triglyceride was determined enzymatically, using a modification of the method described by Bucolo and David (24) with a diagnostics kit (Sigma Chemical Co.). Serum alkaline phosphatase was measured by the paranitrophenylphosphate procedure; phosphorus was measured by the phosphomolybdate procedure on a Monarch chemistry system (761; Instrumentation Laboratory Inc., Lexington, MA); calcium was determined on samples diluted (1:50) in 10% lanthanum chloride by atomic absorption spectrophotometry using a flame photometer (2100; Perkin-Elmer Corp., Norwalk, CT).
Bone assays. Bone mineral density (BMD) was determined for the distal metaphysis of excised femurs by single photon absorptiometry with a digital bone densitometer (2780; Norland Prods. Inc., N. Brunswick, NJ). Before analysis, the femurs were randomized and then read by an operator who was blinded to the treatment groups. Three transverse scans of 1-mm width were made 6-7 mm proximal to the distal end of the femur, and the mean of the three repetitions was recorded (25) . The BMDs of the excised tibiae were determined by DEXA (Hologic QDR; 1,000 W) using the micro-scan mode (0.125 X 0.25-mm pixels) with a line spacing of 0.0254 cm and a point resolution of 0.0127 cm. BMDs were calculated from the bone mineral content and projected area of longitudinally oriented tibiae as measured from the proximal end to one-half the distance to the fibula/tibia junction as previously described (26, 27) . Edges were not manipulated, except to remove the fibula.
Uterine histology. Formalin-fixed uteri were processed for conventional paraffin embedding. Hematoxylin and eosin-or Giemsa-stained sections were assayed using a scoring system to quantitate changes in myometrial thickness, endometrial stromal thickness, endometrial cell height, and endometrial stromal eosinophilic infiltrate. Myometrial and stromal thicknesses as well as the epithelial height were expressed as relative measurements based on calibrations in an ocular micrometer on the microscope. The myometrium and stroma were measured perpendicular to the long side of the luminal oval at x80, while the epithelial height was measured at x320. The degree of eosinophilic infiltration was scored on a scale of 1-6, with 1, absence ofeosinophils; and 6, extensive eosinophilia. The scoring was done on the tissue sections chosen randomly within a given study so that the pathologist was blinded to the treatment groups. Raw data were independently analyzed by each individual scoring parameter and as a total of the four parameters combined; this number was termed the total estrogenicity score. The scales were validated using a second, and separate, quantitative analysis of uterine epithelial cell height with a double blind protocol and using a BioQuant System IV automated image analysis system (R&M Biometrics, Inc., Memphis, TN).
Statistics. Statistical evaluations of the effects of raloxifene or ethynyl estradiol on the various parameters that were measured were made by one-way analysis of variance (ANOVA) with posthoc Scheffe analysis when indicated. Significance was ascribed at P c 0.05.
Results

OVX rat studies
Bone. The effects of raloxifene or ethynyl estradiol on BMD at the distal metaphysis of the femur as measured by single photon absorptiometry are shown in Fig. 2 . BMD at this site was 23% lower in the OVX control rats than in the intact group (P < 0.05). Rats given raloxifene at doses of 0.1-10 mg/kg, had 88-90% of the BMD observed in intact rats, and were significantly higher than untreated OVX rats (P < 0.05). The approximate ED50 by single photon analysis for raloxifene was 0.03 mg/kg. BMD of the proximal femur in rats given ethynyl estradiol (0.1 mg/kg) was 93% of that observed in the intact controls, and was significantly higher than that observed for the untreated OVX rats (P < 0.05). This effect of ethynyl estradiol was not statistically different from the raloxifene effect at the 0.1-, 1-, or 10-mg/kg doses. Mean BMDs in the estrogen group, and all of the raloxifene groups were less (P < 0.05) than that observed in the intact control group.
The proximal tibiae from a separate group of raloxifene and ethynyl estradiol-treated OVX rats were independently analyzed for BMD by DEXA. As shown in Fig.' 3 , BMD of the proximal tibia was 1 % lower in the OVX control rats as compared with the intact group (P . 0.05). Rats treated with raloxifene at doses of 1 and 10 mg/kg had 98 and 96%, respectively, of the BMD observed in the intact controls, and were significantly higher than untreated OVX rats. The approximated ED50 value from this data was 0.3 mg/kg. The 1-and 10-mg/kg doses of raloxifene were statistically indistinguishable from the intact control group. Mean BMD at the proximal tibia in OVX rats treated with ethynyl estradiol (0.1 mg/kg) was higher than the OVX control, but not significantly so. (Table I) . Uterus. The effects of raloxifene on the uterus in OVX rats are presented in Table II and Fig. 5 . As expected, uterine wet weight of the OVX rats was markedly lower than that of the intact controls (P < 0.05). Uterine wet weight in rats given 0.1-10 mg/kg raloxifene was slightly higher (P < 0.05) than that of the OVX rats, and was 35-39% of the uterine weight of the intact controls. At the doses used, the effect of raloxifene on uterine wet weight was not dose related. Ethynyl estradiol at 0.1 mg/kg produced substantially heavier uteri than were observed in the OVX group (P < 0.05) and which were 91% ofthe weight of intact uteri.
The effects of raloxifene, compared with ethynyl estradiol, on uterine histologic parameters are also presented in Table II . Uterine epithelial cell height was nearly 59% lower in the OVX rats as compared with the intact controls (P < 0.05). Raloxifene had no statistically significant effects on uterine epithelial cell height. Ethynyl estradiol, however, produced epithelial cells that were 31% higher than those measured in intact rats, and that were significantly higher than untreated OVX rats as well (P < 0.05). Uterine sections obtained from the intact (Fig. 5 B) and estrogen-treated (Fig. 5 D) rats show epithelial lining cells with typical elongated cell bodies and elongated, diffuse nuclei. Epithelia from OVX rats (Fig. 5 A) were more cuboidal in appearance, with smaller, darker staining nuclei. Epithelial cells from raloxifene-treated rats displayed the more cuboidal morphology with the denser, smaller nuclei (Fig. 5 C) Uterine myometrial thickness (49%), stromal expansion (46%), stromal eosinophilia (78%), and total estrogenicity (55%) were all significantly lower in untreated OVX rats, relative to the intact controls (Table II) . The mean scores for each of these parameters were slightly higher in the raloxifenetreated animals, but these small differences were not related to dose and were not statistically significant. Each ofthese parameters were markedly higher in ethynyl estradiol-treated rats as compared with the untreated OVX controls (P < 0.05; Table II) .
Additional measurements. Raloxifene administration for 5 wk was not associated with any overt signs oftoxicity. Ovariectomy was associated with a significantly higher body weight as compared with the intact controls (55% higher 5-wk weight gain vs. intact control group; P < 0.05; Table I ). Rats given raloxifene at doses of 0.1-10 mg/kg had 69-91% of the body weight gain that was observed in intact controls, and were significantly lower than untreated OVX controls (P < 0.05). Estrogen had a dramatic effect on weight gain, as the ethynyl estradiol-treated rats had only 23% of the weight gain observed in the intact controls and were lower than the OVX controls (P < 0.05). The results ofadditional serum assays are presented in Table I . No significant differences were observed with ovariectomy or either of the drug treatments on total serum calcium levels, alkaline phosphatase activity, or inorganic phosphorus levels.
Discussion
These data demonstrate a unique profile of activity for raloxifene in estrogen-deficient animals. Bone loss in the OVX rat parallels the very early skeletal changes observed immediately in postmenopausal women: rapid decrease in bone mass, preferential loss of trabecular bone, and responsiveness to estrogen replacement therapy (28) . As in postmenopausal women, estrogen deficiency in the rat produces a high turnover state in trabecular bone where resorption of bone outpaces formation, resulting in net loss of bone mass (28) . Increases in both the number of osteoclasts and the percentage of trabecular bone covered by osteoclasts can be observed within 28 d of ovariectomy in the rat (20) . In our hands, ovariectomy resulted in significant osteopenic responses by 5 wk in both the femur and tibia as measured by single photon absorptiometry and DEXA densitometric techniques, respectively. Ethynyl estradiol (an orally bioavailable estrogen) prevented OVX-induced bone loss, consistent with previous reports that used 17f3-estradiol (17, 29) .
Raloxifene blocked the decline in BMD observed in OVX rats at doses as low as 0.1 mg/kg. The magnitude ofthis effect of raloxifene was indistinguishable from that of ethynyl estradiol at 0.1 mg/kg. This observation is consistent with a previous report in which raloxifene (previously known as keoxifene) in- term study must be performed to show that these effects will be maintained and that raloxifene is not simply delaying the eventual loss of BMD due to estrogen deficiency. Raloxifene and ethynyl estradiol both produced a marked hypocholesterolemic effect in OVX rats. Previous work in OVX rats and intact rabbits of either gender showed that oral administration of ethynyl estradiol produces extensive reductions in both total serum cholesterol and HDL cholesterol, (21, 35, 36) . These effects were attributed to upregulation of hepatic LDL receptors by estrogen, resulting in enhanced clearance of circulating LDL (35, 37) . The lowering of HDL in these species is due to the presence of ApoE, an apoprotein with high affinity for the LDL receptor, which is present to a much greater extent in rat as compared with human HDL (36) . Since HDL cholesterol is not reduced by estrogen in postmenopausal women (38) , the rat data shed little light on anticipated changes in HDL metabolism in humans. However, the rat model does predict reduction of LDL cholesterol for agents producing agonist effects upon liver estrogen receptors, and is a sensitive model for monitoring pharmacological effects of estrogen on total cholesterol in vivo. To this regard, both estrogen and tamoxifen have been shown to lower LDL cholesterol in women (5, 12) . Recent clinical observations in postmenopausal women after relatively short term administration of raloxifene (2 mo) indicate a similar effect on serum total cholesterol in the absence of changes in uterine histology (39) .
Whereas raloxifene produced effects very similar to those of estrogen and other antiestrogens on bone and serum cholesterol, there is a striking difference in the effects of these compounds on uterine tissue, as raloxifene lacked uterotrophic activity. The pharmacology of antiestrogens, such as tamoxifen, is complex. While "antiestrogenic" in the sense that it: (a) competes with estrogen for estrogen receptors, (b) produces partial uterine atrophy in intact animals, and (c) causes regression in certain estrogen dependent tumors, tamoxifen also displays estrogen agonist-like effects on certain tissues (40) . Raloxifene, however, is a more pure antagonist of estrogen effects in the uterus (41) , lacking appreciable agonist activity at that site. Thus, raloxifene is a unique agent that apparently possesses sufficient intrinsic activity to act like an agonist in bone and liver, but is a relatively pure antagonist in uterine tissue. In this study, both raloxifene and ethynyl estradiol caused statistically significant increases in uterine weight relative to the OVX controls. This effect of raloxifene was only about one-third of that observed in the intact controls or estrogen-treated animals. This effect may be related to the slight hypertrophy ofthe myometrium and endometrial stroma, which in previous work has been attributed to water retention (42, 43) . Raloxifene's minimal stimulatory effect on endometrial epithelium suggests a lower cancer risk compared with chronic administration of estrogen.
The precise mechanism for raloxifene's beneficial effect on bone and lipids in the OVX rat, and for its relative tissue specificity (i.e., lack ofagonistic effect on uterine epithelia), remains uncertain. Raloxifene possesses estrogen antagonist properties in the uterus of estrogen-stimulated OVX rats (41) , suggesting a mixed agonist (bone and lipid)/antagonist (uterus) profile, which is unique. Raloxifene binds to nuclear estrogen receptor with a relative binding affinity of 1.5 in uterine cytosol (41) and 0.2 in MCF-7 cell lysates (44) . Recent data from Yang et al. (45) show that binding of raloxifene and estrogen to the estrogen receptor can lead to differential gene regulation, suggesting that raloxifene exerts its effects through the estrogen receptor. Alternatively, Glasebrook et al. (44) have described other potential binding sites in MCF-7 cell lysates using tritiated raloxifene, indicating that nonestrogen receptor-based mechanisms, cannot be ruled out at this time. Additional studies are underway to more fully characterize the mechanism for raloxifene's action and tissue specificity.
In conclusion, raloxifene (LY 139481 HCl) attenuated the decrease in bone mass induced by ovariectomy in the rat, at doses that also induced a marked lowering ofserum cholesterol concentrations. These effects were observed in the absence of significant effects on the uterus. In light of the serious human health consequences of osteoporosis and coronary heart disease, the implication that raloxifene might offer a useful therapy for postmenopausal women to maintain bone mass and lower serum cholesterol without affecting reproductive tissue merits further investigation.
